Introduction
Alphaviruses are a group of mosquito-borne, enveloped viruses which can cause encephalitis, fever, arthritis and rash in mammals. The nucleocapsid core has an external radius of about 205 Å. It consists of a positive-strand RNA genome surrounded by 240 copies of the capsid protein arranged in a T=4 surface lattice [1] [2] [3] . The core is enveloped by a lipid bilayer that is penetrated by 80 glycoprotein spikes. These spikes are also arranged in a T=4 lattice that is in register with the internal nucleocapsid. Each spike is a trimer of heterodimers that extends to a viral radius of 345 Å with a receptor attachment site on its globular extremity [4] . The heterodimer consists of two glycoproteins, E1 and E2, whose C-terminal ends protrude on the cytoplasmic side of the membrane by 2 amino acids and between 31 and 33 amino acids, respectively.
The structural proteins (capsid/E3/E2/6K/E1) are translated as a polyprotein from a subgenomic RNA. The polyprotein is post-translationally cleaved into component proteins by viral and cellular proteases. Following selfcleavage from the nascent polyprotein, the capsid protein specifically binds the replicated genomic RNA, and assembly of the nucleocapsid occurs in the cytoplasm soon after capsid protein synthesis [5] . The spike proteins are glycosylated in the Golgi and are then associated with the nucleocapsid at the plasma membrane during budding [6, 7] . The translocation of the glycoproteins across the membrane is regulated by various signal sequences and further post-translational modifications, including palmitoylation of some or all of the cysteine residues, 396, 416 and 417 (all amino acid sequence numbers will refer to Sindbis virus [SINV] , unless otherwise stated), in the cytoplasmic C terminus of E2 [8] [9] [10] .
The interaction between the nucleocapsid and the C-terminal E2 [11, 12] , but not E1, residues [13] , is essential for viral budding [14] [15] [16] . Site-specific mutagenesis of the conserved Tyr400 in the E2 glycoprotein C-terminal (cytoplasmic) domain of SINV and Semliki Forest virus (SFV) identified the approximate site of interaction with the nucleocapsid (Fig. 1) [9, 17] . Chimeric viruses of SINV and Ross River virus (RRV) showed that Ala403 and Asn405 in the E2 cytoplasmic domain are also important for budding [18] . Collier et al. [19] showed that peptides corresponding to sequences of the E2 cytoplasmic domain of SINV ( Fig. 1) could inhibit virion formation. They postulated that these peptides competitively inhibited attachment of E2 to the nucleocapsid. These peptides include sites subsequently identified by mutagenesis as important for budding [9, 17] . Site-specific mutagenesis of the capsid protein itself identified Tyr180 and/or Glu183 as probable participants in the binding of the nucleocapsid to E2 [20, 21] .
The structures of SINV capsid protein (SCP) [22, 23] and SFV capsid protein, SFCP, (H-KC, GL, SL, GW and MGR, unpublished data) have been determined to at least 3 Å resolution. Their C-terminal domains, Arg114 to Trp264, were found to have a fold similar to chymotrypsin-like serine proteinases. SCP contains the catalytic triad Ser215, His141 and Asp163. Consistent with earlier observations [24] [25] [26] [27] , the structure of SCP showed that this protein cleaved itself from its own polyprotein, leaving the C-terminal tryptophan in the substratebinding pocket, thereby inhibiting further catalytic activity. The first 113 residues of SCP were suggested to be disordered in the crystal structure. Many of these residues were basic and were presumed to be associated with the viral RNA in the virion as is common in many plant viruses [28] . Some of these residues have been shown to be involved in the specific recognition of RNA [29] [30] [31] .
The most detailed structure determinations of whole alphaviruses were reported by Cheng et al. [1] , for RRV, and by Fuller et al. [2] , for SFV, using cryo-EM at about 25 Å resolution. Combination of the X-ray crystallographic results for SCP and the cryo-EM results for RRV gave a convincing fit of the ordered, C-terminal domain structure of the capsid protein into the pentameric and hexameric units of the nucleocapsid core found in the whole virus [1] .
The chymotrypsin-like structure of the C-terminal domain of SCP and SFCP consists of two subdomains, with each subdomain having a 6-or 7-stranded, antiparallel, ␤-barrel ('Greek key') structure. The active site is in a cleft between these two sub-domains. Previous crystallographic studies found dimers for both SCP and SFCP in which the C-terminal subdomains of each monomer were in tail-to-tail contact [22] . In one structure of SFCP (H-KC, GL, SL, GW and MGR, unpublished data), there is also a head-to-head dimer in which the N-terminal subdomains are in contact (Table 1) . Neither kind of dimer occurs in the native virus, but rather there are head-to-tail contacts that make pentamers and hexamers in the nucleocapsid cores [1] . The fit of the C-terminal domain of SCP into the RRV cryo-EM density shows that the head-to-tail contacts in the virion are the result of binding the head-to-head contact region with the tail-to-tail contact regions seen in the crystallographic studies.
We have now determined a structure of recombinant SCP (residues 106-266 with Ser215→Ala). The protein was originally investigated to determine the position of the P1′ and P2′ sites prior to proteolytic cleavage. This structure showed that the N-terminal residues 108-111 bind into a hydrophobic pocket on the surface of a neighboring molecule. Re-examination of the earlier, lower resolution results for SCP showed that in every case the pocket was also occupied by the same 'N-terminal arm'. However, in 
two SFCP crystal structures the pocket is unoccupied (H-KC, GL, SL, GW and MGR, unpublished data). In addition, there is a significant difference between the conformations of the pocket in SCP and in SFCP, although the important residues involved in forming this pocket are identical for both viruses. Mutagenesis of residues 108 and 110 in SCP (this work) produces viruses that are deficient in nucleocapsid core accumulation and suggests that the binding seen in the crystallographic studies may have a biological role in assembly. Furthermore, we show that this binding mode is probably analogous to the way in which the E2 C-terminal cytoplasmic residues bind to the nucleocapsid core. The position of the binding pocket on the nucleocapsid, determined by cryo-EM results and X-ray crystallography [1] , is consistent with the site of penetration of the glycoprotein spike through the plasma membrane being close to the pocket. We propose that a switch between the two conformations of the hydrophobic pocket occurs on binding E2 and the energy derived from the burial of the capsid protein and E2 hydrophobic surfaces drives the budding process of the mature virion. 
Results and discussion
structures [23] , showed that there had been a one residue frameshift in the placement of 10 consecutive residues in the earlier structure determinations. Subsequent refinement of the corrected structures of both the tetragonal (type 2) and monoclinic (type 3) crystal forms showed that residues 107-113 were not disordered, but their densities had been deleted as a consequence of averaging the molecular structures between type 2 and 3 crystal forms (Table 1 ) [32] . Residues 114-264 have a similar structure in each form whereas residues 107-113 have different conformations to accommodate the different crystal packing arrangements.
In each of the crystal structures, the N-terminal arms of the SCP were found to bind into a hydrophobic pocket on the surface of neighboring molecules (Fig. 3) . The orientation and position of residues 108-111 in the pocket are well conserved, although the approach pathway is vastly different in every case ( Fig. 4 ; Table 1 ). The pocket is situated between the two ␤-barrel subdomains of the C-terminal domain, on the same side of the molecule to the proteinase active center ( second binding Leu110, with Trp247 dividing the two sides (Fig. 3c ). Leu108 is sandwiched between Tyr180 and Trp247, while Leu110 is between Trp247 and Phe166. The hydrophobic nature of the pocket is well conserved among different alphaviruses (Table 2) , with Trp247 being completely conserved and Tyr180 differing only in O'Nyong-nyong virus where it is a phenylalanine. The conserved Glu111 is involved in a salt bridge with Lys252 in SINV, but the latter residue is not conserved among alphaviruses (Table 2) . In all alphaviruses, residue 109 is a lysine which points out of the pocket and therefore is irrelevant for binding.
Biological significance of residues 108-111
Although the N-terminal arm binds into neighboring monomers in various SCP crystal structures, this arm is not of sufficient length to reach from one capsid monomer to another in the tail-to-head interaction seen in the intact virus [1] . Nevertheless, the binding of the capsid protein residues 108-111 into the hydrophobic pocket of the neighboring capsid monomers may have functional significance. Therefore, site-directed mutagenesis of capsid residues 108 and 110, the two residues shown structurally to be important for binding, was carried out to examine their role in virus assembly. These two leucine residues were changed to various combinations of polar residues (Table 3) . Viruses rescued from RNA transfections produced plaques that were smaller in size relative to the wild type. Residues Lys109 and Glu111, which are not involved in hydrophobic binding to the pocket, were also mutated. Although these two residues are conserved among alphaviruses (Fig. 1) , the virus in which both residues were substituted with alanine exhibited a wildtype plaque phenotype.
Viruses that were mutated at SCP residues Leu108 and Leu110 had reduced growth efficiency, as determined by one-step growth analyses (Table 3) . Western blot analysis of cytoplasmic extracts indicated that this deficiency was not a result of translational inhibition or capsid protein degradation (data not shown). Comparative analyses of virus supernatants suggested that the mutants are not defective in their particle to plaque-forming unit (pfu) ratios. Therefore, the virions that assembled were
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Figure 4
Superposition of the five available structures of SCP. The divergence of their N-termini is seen on the left. Moreover, the N-terminal arm of neighboring molecules converge into the hydrophobic pocket (right). (Superposition was achieved by minimizing the sum of the squared distances between C␣ atoms 114-264.)
Figure 5
Ribbon diagram of SCP (107-266) showing the active center residues (white) and the hydrophobic pocket residues (red). The bound N-terminal arm peptide is in magenta.
infectious. Furthermore, a nucleocapsid accumulation assay showed all four mutants failed to produce detectable quantities of nucleocapsid cores in the cytoplasm (Table 3) . It is possible that the mutant cores could not withstand the extraction procedure; however, infection of cells with mutant virus Lys109→Ala; Glu111→Ala or wild-type virus resulted in considerable core accumulation.
The first step in assembly is the association of capsid proteins and genomic RNA to form nucleocapsid cores. Since cores accumulate in the cytoplasm of cells infected with wild-type virus, we propose that this first assembly step is fast relative to the incorporation of cores into virus particles. Therefore, the viruses that were mutated at Leu108 and Leu110 have a defect in core assembly such that the rate of nucleocapsid formation is reduced and results in a failure to detect free cores in the cytoplasm. Although the rate of infectious particles released from the cell is also reduced, this decrease is presumably due to the reduction in the rate of nucleocapsid formation and not in that of virus budding.
Residues 97-113 are well conserved among alphaviruses and have previously been implicated in the specific binding of capsid protein to genomic RNA [30, 33] , as well as in the attachment of the nucleocapsid to ribosomes during disassembly [31] . Residues 108 and 110, discussed above, are within this conserved region and play a role in core formation. Deletion of the upstream residues 97-106 does not affect core production although RNA specificity is disrupted [34] . Unlike wildtype protein, a mutant containing a deletion of capsid residues 97-106 encapsidates the subgenomic mRNA, leading to a higher particle to pfu ratio. Thus, the data taken together are consistent with the mutations at 108 and 110 disrupting binding to the hydrophobic pocket, rather than binding to RNA.
The binding of the N-terminal arm to newly synthesized capsid proteins may be a mechanism by which core formation is initiated. Such associations would tether capsid proteins together prior to RNA binding and assembly. Displacement of the N-terminal arm to facilitate core formation might be accomplished by binding genomic RNA to a region around residues 97-113. Alternatively, if assembly takes place on membranes, the N-terminal arm could be displaced by binding of the E2 cytoplasmic domain to the pocket.
Binding of E2 to alphavirus capsid proteins
A double mutation in the capsid, Tyr180→Ser; Glu183→ Gly [21] , allowed virus formation but caused a defect in the uncoating pathway resulting in an increase in the particle to pfu ratio. To investigate the structural basis of the defect, the cDNA containing the double mutation was cloned into the SCP E. coli expression vector. Following expression, purification and crystallization of residues 106-264, the structure of the mutant protein was solved (H-KC, et al., and RJK, unpublished data). The mutation Tyr180→Ser alters the structure of the pocket by changing the dihedral angles of the Trp247 side chain such that it fills the space previously occupied by the Tyr180 side chain (Fig. 6a) ; the shape and hydrophobicity of the pocket are left largely unchanged. Binding of the N-terminal arm is unaffected by the repositioning of the tryptophan. Substitution of Glu183 for glycine has no obvious conformational effect (Glu183 is not within the proximity of the pocket). Therefore, it is likely that the substitution of Tyr180 makes the major contribution to the altered phenotype.
Residues within or near the pocket, in particular Tyr180, have been implicated in the binding of the C-terminal residues of E2 and, hence, in the requirements for correct viral maturation [20, 21] . Amino acid residues in E2 have also been identified as being important for budding, and these are located around the completely conserved Tyr400 (Fig. 1 ) [9] . Mutation of this tyrosine to the hydrophobic residues tryptophan, phenylalanine, leucine or methionine maintains fairly efficient budding, whereas mutation of this residue to the polar residues 
*Abbreviations are the same as those of Figure 1 . † SFV numbers are given for comparison with the accompanying paper [37] . Table 3 Mutations at residues 108-111 of the SCP. lysine, serine, asparagine or threonine does not [17] . The hydrophobicity of the E2 Tyr400 residue, the hydrophobic nature of the pocket and the binding of Leu108 and Leu110 into the pocket suggest an analogy between the SCP N-terminal arm residues 108 to 111 and the SINV E2 residues 400 to 403 (Fig. 1) . Thus, we propose that the SCP N-terminal arm mimics the binding of E2 to SCP, as modeled in Figure 3b . Such a postulate would also explain why peptides that resemble the appropriate region of E2, when diffused into SCP crystals, were never observable in difference electron density maps (H-KC and MGR, unpublished data); this was presumably because the capsid residues 108-111 were already occupying the pocket. The alignment in Figure 1 suggests that Leu108 is analogous to the conserved Tyr400 of E2. Indeed, substitution of Tyr400 in SFV with leucine produces a budding competent virus [17] . Leu110, the other major residue required for binding, corresponds to a completely conserved Leu402 in the E2 sequences and can be either a leucine or isoleucine in the capsid protein sequences. Residue Lys109, which points away from the pocket and is not involved in binding, is analogous to the E2 residue 401 that is appropriately variable.
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Figure 6
The hydrophobic pocket of various capsid proteins, with the N-terminal arm shown in blue. The orientation is as in Figure 3a . The pocket in the wild-type SFCP structure has greater similarity to the SCP mutant (Tyr180→Ser; Glu183→Gly) structure than it has to wild-type SCP (Fig. 6b,c) .
Although residue 180 is a tyrosine in both SFCP and SCP, the tyrosine is turned outward in SFCP, creating a space in the pocket similar to that which occurs in the Tyr180→Ser; Glu183→Gly mutant due to the replacement of tyrosine by serine. The resultant space is occupied by Trp247 in both wild-type SFCP and the SCP double mutant. Although the pocket is occupied by residues 108-111 in all SCP structures including the double mutant, the SFCP structures do not show homologous binding. However, the packing organization of the monomers within the SFCP crystals is such that the N-terminal arm is unable to contact any of the binding pockets within the crystals, including that of the same molecule (Table 1) . By far, the biggest differences between the SFCP and SCP structures relate to this positioning of Tyr180 and Trp247. Two other differences occur in the vicinity of single amino acid deletions in SFCP relative to SCP. The rms deviation between equivalent C␣ atoms is ~0.8 Å.
The location of the hydrophobic pocket as well as the site of the glycoprotein penetration of the viral membrane has been determined by fitting the alphavirus core protein into the cryo-EM electron-density map of the virus [1] . The distance from the site of penetration to the hydrophobic pocket is ~28 Å, which corresponds well with the distance spanned by the ten amino acids of the E2 cytoplasmic domain (residues 391-400). This placement permits binding of E2 into the pocket in a direction consistent with the bound N-terminal arm observed in the crystal structures (Fig. 7) . The ten E2 residues in this connecting region are highly conserved among the alphaviruses (Fig. 1 ) and may therefore also be involved in the positioning of E2 in the hydrophobic pocket. This is further supported by a palmitoylation site at Cys396 [10] , confirming the proximity of these residues to the membrane.
Switch mechanism for alphavirus budding
Coombs and Brown [35] used lactoperoxidase to radioiodinate tyrosines on SINV cores and found that only Tyr180 was available on the core surface. However, Tyr180 as found in the wild-type SCP structures has its phenolic oxygen buried, whereas in SFCP the tyrosine is turned outwards. Furthermore, placement of the SFCP into the RRV cryo-EM density demonstrates that Tyr180 would be exposed on the surface of isolated cores [1] . It is proposed that the structure of SFCP, without the bound N-terminal arm, corresponds to that in the cytoplasmic alphavirus cores, whereas the structures of SCP with the bound N-terminal arm represent the core structure with E2 bound, as in virions [36] (Fig. 8a) .
The temperature-sensitive Tyr180→Ser; Glu183→Gly mutant is defective in the entry-uncoating process although virus fusion is unaffected. The maximum production of infectious virus occurs between 30 and 40°C [21] . Thus, the crystal structure at room temperature may represent the protein in its non-permissive state (Fig. 6) . Although the double mutant SCP binds the N-terminal arm in the crystal structure, the absence of a tyrosine at position 180 prevents the movement of Trp247 to the position seen in the wild-type SCP structure. Binding of E2 to the mutant hydrophobic pocket would also fail to change the conformation of the hydrophobic pocket. Therefore the double mutant probably lacks the ability to form the optimal capsid-E2 interactions at the non-permissive temperature, which manifests itself in the disassembly of the virus (Fig. 8a) . Although the ectodomains of E1 and E2 of the mutant virus are competent for cell attachment and viral fusion, the interaction of the nucleocapsid core and the E2 cytoplasmic domain is adversely affected (Fig. 8b) .
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Figure 7
Cross section of the cryo-EM density for RRV showing the SCP C␣ structure (red) fitted to the nucleocapsid. The lipid bilayer membrane is at the top (light blue density) with its pinched region corresponding to the penetration site of the glycoprotein spike. The E2 cytoplasmic domain (magenta) is shown as an extended polypeptide from residue 391 near the membrane to the hydrophobic pocket (of which Tyr180 and Trp247 are indicated) which binds residues 400-403. No attempt was made to fit the polypeptide to the low resolution density. This model building demonstrates only that the path length is reasonable and that the polypeptide can be placed into the pocket in the correct orientation. The rest of the sequence (404-423) is also hydrophobic with Cys416 and Cys417 being palmitoylated and again associated with the membrane (not modeled). Two contours of electron density are shown (light and dark blue).
Biological implications
The alphaviruses are a group of enveloped positivestrand RNA viruses that are transmitted by arthropod vectors. They are responsible for a variety of human illnesses including encephalitis and polyarthritis and are represented by such members as Sindbis virus, Semliki Forest virus and Ross River virus. Structural studies have determined that the 690 Å diameter virus particle has an outer protein shell composed of two transmembrane glycoproteins, E1 and E2, arranged into surface spikes. Three pairs of the E1/E2 heterodimer constitute a spike and penetrate a host-derived lipid bilayer that envelopes a nucleocapsid core. This inner core is assembled by the interaction of the genome RNA with 240 copies of capsid protein arranged as a T=4 icosahedron. A short stretch of amino acids found on the cytoplasmic face of the E2 transmembrane glycoprotein mediates the interaction between the outer glycoprotein spikes and the inner capsid core. This interaction is responsible for the control of virus budding from the membrane of infected cells.
We have shown that a hydrophobic pocket on the surface of the Sindbis virus core protein (SCP) binds the N-terminal arm (residues 108-111) of neighboring molecules in crystal lattices. Mutational analysis of SCP residues 108 and 110 suggests a role for these residues in the assembly of nucleocapsid cores, possibly by associating capsid proteins in a manner similar to that observed in crystal lattices. Presumably, such an association would facilitate the assembly process of the cores. occurs in the next step at a slower rate, with a concomitant conformational change in the hydrophobic pocket which activates the core for disassembly. The virions that have budded from the cell have undergone a conformational change in the core ('disassembly-ready') required for optimal disassembly at a later time.
Following fusion of the viral and cellular membranes, the nucleocapsid core is released into the cytoplasm and rapidly falls apart. The Tyr180→Ser; Glu183→Gly double mutant is either deficient in the release of the core into the cytoplasm or in uncoating. The table describes the cystallographically observed states of the capsid protein and hydrophobic pocket in relation to the proposed assembly/disassembly pathway.
residues Tyr180, Trp247 and Val132 (valine is replaced by methionine in SCP), which are found in the hydrophobic pocket [37] , is consistent with these residues playing an important role in interacting with the E2 cytoplasmic domain. It also provides a genetic basis to support the structural studies presented.
It is proposed that the mechanism by which the cores associate with the E2 glycoproteins is regulated by a switch between two conformations of the hydrophobic pocket. This switch causes a conformational change in the nucleocapsid such that the core is readied for disassembly. Without the optimal core-E2 interaction (as in the double mutant Tyr180→Ser; Glu183→Gly), the core does not undergo the conformational changes required for subsequent disassembly. Insertion of the E2 cytoplasmic residues into the hydrophobic pocket, with the concomitant burial of Tyr180, should stabilize the assembled virion. This mechanism is similar to that found in the rhino and enteroviruses, in which there is a cellular hydrophobic 'pocket factor' which is thought to stabilize virions in the extracellular environment prior to receptor binding. The pocket factor is released on viral attachment to the cell, thus destabilizing the virus in readiness for uncoating [38] . Burial of the aromatic residues into the hydrophobic pocket is analogous to insertion of the pocket factor into some picornaviruses.
The driving force for budding is provided by making the hydrophobic surfaces of the capsid protein and the E2 C-terminal residues inaccessible to water. Burial of the surface area of the hydrophobic pocket covered by E2 (316 Å 2 ) corresponds to an energy of 7.6 kcal M -1 [39] . This area is buried 240 times in the core surface during the budding process and this would provide significant energy for this last step in virus assembly. Similar mechanisms may also drive the budding of other enveloped viruses.
Materials and methods

Crystallization and structure determination of alphavirus capsid proteins
Full-length SCP and SFCP were isolated from virions as previously described [22, 24] . Truncated forms of SCP were expressed in an E. coli expression system (H-KC, SL, Y-P Zhang, BR McKinney, GW, MGR and RJK, unpublished data). The recombinant mutant protein SCP 106-266 (Ser215→Ala) was crystallized into space group P1 (a=29.0 Å, b=56.5 Å, c=60.8 Å, ␣=93.1°, ␤=96.7°, ␥=94.9°) with two independent molecules per unit cell. The diffraction of these type 4 crystals (Table 4) extended to a much higher resolution and was of better quality than all other previously studied SCP or SFCP crystals. The structure was solved using the molecular replacement method and then refined to an R-factor of 18.4% (R free =27.99) with an rms deviation of bond lengths from their idealized values of 0.011 Å. There were 133 water molecules included in the structure. There were two SCP molecules in the triclinic cell related to each other by 14.2° rotation and packed in a head-to-tail fashion similar to, but not the same as, that which occurs in the nucleocapsid cores ( Table 1) .
Refinement of the better-resolved type 4 SCP structure, compared to the earlier determined SCP type 2 and 3 crystal structures, showed a frameshift in the positioning of the amino acids between residues 250 and 260. In addition, the C-terminal Trp264 side-chain placement was rotated by about 90°. The more recently determined structures of SFCP type I and II crystal forms (H-KC, GL, SL, GW and MGR, unpublished data) were like the type 4 SCP structure, but not like the earlier SCP structures with respect to residues 250-260 and residue 264.
Re-refinement of the wild-type SCP structures
Because of the differences in the type 4 SCP compared with the older, less resolved SCP structures, the previous results were re-examined. Diffraction data were re-collected for types 2 and 3 SCP crystal forms (H-KC, SL, Y-P Zhang, BR McKinney, GW, MGR and RJK, unpublished data) to a higher resolution than previously available [23] . Omit maps showed that the earlier SCP structures had been in error between residues 250-260 as well as in the orientation of the C-terminal Trp264. In addition, aided by the correct interpretation and better data, the N-terminal arms could now be traced between residues 107-113.
Structures of the truncated SCP (106-264) and truncated double mutant (Tyr180→Ser; Glu183→Gly)
Wild-type SCP from 106-264 was expressed in E. coli (H-KC, SL, Y-P Zhang, BR McKinney, GW, MGR and RJK, unpublished data) and crystallized isomorphously with the wild-type SCP type 2 crystals. The cDNA from the double mutant used by Lee and Brown [21] , in which Tyr180 had been changed to serine and Glu183 to glycine (Tyr180→Ser; Glu183→Gly), was introduced into the E. coli expression system. Following expression and purification, the protein crystallized isomorphously with type 2 wild-type crystals.
Isolation and characterization of mutant viruses
Double substitutions in the N-terminal arm of the capsid protein were constructed using oligonucleotide-directed mutagenesis as previously described [40] . The parental virus, Toto64, is described elsewhere and produces wild-type virus [34] . Following identification of the full-length mutant cDNA clones, infectious RNAs were transcribed in vitro and transfected into baby hamster kidney (BHK) cells. Mutant viruses were rescued by plaque purification and stock viruses were generated on BHK cell monolayers.
One step growth curve analyses were carried out in BHK cells at 37°C as previously described except that a multiplicity of infection of 1 was used to infect cells [40] . Results are given for the replication efficiency of the mutant viruses as compared with the wild-type virus at 12 h post infection. Following virus infection of BHK cells, nucleocapsid accumulation assays were carried out as previously described [18] .
Accession numbers
Coordinates have been deposited with the Brookhaven Protein Data Bank, accession number 1SVP. 
